The present study was designed to investigate the effects of histamine on spontaneous neuropathic pain (NP) induced by peripheral axotomy. Rats and mice were subjected to complete transection of the left sciatic and saphenous nerves to induce spontaneous NP (the neuroma model). Rats were then treated with drugs once daily for 30 days (histidine and loratadine, i.p.) or 21 days (histamine, i.c.v.). Autotomy behavior was scored daily until day 50 post-operation (PO). On days 14 to 21 PO, some rats in the control group were subjected to single-fiber recording. Autotomy behavior was also monitored daily in histidine decarboxylase (the key enzyme for histamine synthesis) knockout (HDC -/-) and wild-type mice for 42 days.
We found that both histidine (500 mg/kg) (a precursor of histamine that increases histamine levels in the tissues) and histamine (50 µg/5 µL) significantly suppressed autotomy behavior in rats. HDC -/-mice lacking endogenous histamine showed higher levels of autotomy than the wild-type. In addition, the analgesic effect of histidine was not antagonized by loratadine (a peripherally-acting H 1 receptor antagonist), while loratadine alone significantly suppressed autotomy. Electrophysiological recording showed that ectopic spontaneous discharges from the neuroma were blocked by systemic diphenhydramine (an H 1 receptor antagonist). Our results suggest that histamine plays an important role in spontaneous NP. It is likely that histamine in the central nervous system is analgesic, while in the periphery, via H 1 receptors, it is algesic. This study justifies the avoidance of a histamine-rich diet and the use of peripherally-acting H 1 receptor antagonists as well as agents that improve histamine action in the central nervous system in patients with spontaneous NP.
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INtrODUctION
Neuropathic pain (NP) is defined as pain initiated or caused by a primary lesion or dysfunction of the nervous system. It occurs in many common diseases, following injuries and in response to drugs or toxins. The pain may be spontaneous, stimulus-evoked, or a combination of both, and spontaneous pain is a predominant complaint. Although it afflicts ~1% of the population [1, 2] , NP remains a challenge. Classical analgesics such as opioids and NSAIDs are usually inadequate. Some antidepressants and antiepileptic drugs are partially effective but often have treatment-limiting adverse effects [1, 3] . Therefore, further investigation of NP 262 pathophysiology is essential for developing approaches to achieve efficient analgesia.
Histamine acts as a neurotransmitter to regulate a variety of functions, including food intake, body temperature, memory retention, wakefulness and pain sensation.
In acute pain sensation, the histamine effect can either be analgesic or algesic, depending on the site of action and the dose [4] [5] [6] . As to NP, however, most reports focus on the effect of histamine on evoked NP and the results are controversial. For instance, local injection of H 1 receptor antagonists attenuates the pain abnormalities induced by partial nerve injury [7] , while histamine infused directly into the brain is either algesic or analgesic on evoked NP depending on the dose [8] . Some H 3 or H 4 receptor antagonists inhibit the evoked NP in several animal models [9, 10] , but others have no effect [10] . In contrast, very few studies have addressed the effect of histamine on spontaneous NP. Baron et al. found that cutaneous histamine application induces spontaneous pain in neuropathic skin [11] , while Suzuki et al. reported that the H 1 antagonist mepyramine does not affect the ongoing firing of deep dorsal horn neurons induced by spinal nerve ligation [12] . These studies imply an intriguing relationship of histamine with spontaneous NP, which deserves further investigation.
The neuroma model in rodents is produced by total denervation of one hindpaw [13] . Animals subjected to the neuroma model show a series of pain-like behaviors termed autotomy. Because its temporal and spatial parameters can be quantified, autotomy has been widely used to describe the onset, duration and level of spontaneous pain [14, 15] . Therefore, in the present study, we used the neuroma model to investigate the effects of histamine on spontaneous NP.
MAtErIALs AND MEtHODs

Animals
Eighty-three male adult Sprague-Dawley rats (260-300 g, [17] and approved by the Animal Care and Use
Committee of Zhejiang University. Efforts were made to minimize the number of animals used and their suffering.
the Neuroma Model and Autotomy Follow-Up
The neuroma model was induced as described previously [18, 19] .
Briefly, rats and mice were deeply anaesthetized by inhalation of isoflurane. The sciatic nerve was exposed and isolated by blunt dissection and tightly ligated with 5-0 silk just proximal to its trifurcation. Another ligation was made 2 mm distal to the first and then the nerve was cut between the two ligatures. About 2-3 mm of the tibial, sural and common peroneal branches were excised to prevent nerve regeneration. The saphenous nerve was then exposed medial to the knee and transected. A 3-mm segment was removed. The wounds were then closed in layers.
Animals were housed individually to prevent social interactions from affecting autotomy behavior [20] . Levels of autotomy were scored daily postoperatively (PO), from the day of surgery until day 50 PO for rats and day 42 PO for mice, using an accepted scale. In this scale, one point was assigned for removal of at least two nails, and one additional point for every ½ toe injured, to a maximum of 11 [18] .
When animals showed autotomy with 11 points, they were euthanized and their scores were retained for the remainder of the behavioral follow-up until the last day of observation.
Single-fiber Recording
At days 14 to 21 PO, rats were deeply anaesthetized with urethane (1.2 g/kg) and the right jugular vein was cannulated to enable systemic injection of diphenhydramine or saline.
Rats were placed on a small heating blanket that was feedback-controlled by a rectal thermometer, thereby maintaining a core temperature of 37°C. Rats were paralyzed with gallamine triethiodide (10 mg/kg initially, supplemented when needed) and artificially ventilated throughout the experiment. The injured sciatic nerve was re-exposed and a pool constructed by tying flaps of thigh skin to a frame was filled with warm paraffin oil (34°C) to protect the nerve from drying.
Under a microscope, the perineurium was opened carefully and microfilaments were teased from the nerve trunk with a pair of sharply-honed jewelry forceps. The mi-crofilaments were placed on a pair of Ag/AgCl electrodes that were referenced to a nearby muscle. These filaments contained a few axons, usually 3-4, of which no more than 2 fired spontaneously. Signals were fed to an amplifier (Cyberkinetics, USA) and the digitized data were then analyzed offline by dedicated software (Neuroexplorer, USA).
When a microfilament was identified as having a unit with spontaneous firing, at least 10 min of baseline firing data were collected before administration of diphenhydramine or saline.
Drug Administration
Rats 
Data Analysis
The postoperative day when the animal started autotomy behavior was defined as the onset day and was analyzed by a nonparametric test (Mann-Whitney test (Fig. 1) . However, the progression of autotomy was suppressed by histidine at 500 mg/kg: the onset of autotomy was postponed to 18.00 ± 4.68 days PO (n = 8; P <0.05 vs vehicle-treatment group; Fig. 1A, B) ; and the mean autotomy scores were reduced, as manifested by the decreased AUC of autotomy progression, during the period of administration (P <0.05) and after the cessation of drug treatment (P <0.001; Fig. 1C, D) .
Postoperative central Administration of Histamine Attenuated Autotomy in rats
Intracerebroventricular injection of histamine (50 μg) significantly suppressed the autotomy behavior ( Fig. 2A) . The onset day was postponed to 29.00 ± 7.60 (n = 6), compared to the saline group (6.17 ± 1.45, n = 6, P <0.05; Fig. 2B ).
The AUC during the period of histamine administration (days 0-21 PO) and during the observation period after the cessation of drug treatment (days 22-50 PO) were both lower than that in the saline-treated group (P <0.05 and 0.001, respectively; Fig. 2C, D) . 
HDc
DIscUssION
In the present study, we found that both histidine, the precursor of histamine, and histamine suppressed autotomy behavior in the neuroma model. Moreover, mice lacking endogenous histamine showed higher levels of autotomy than their wild-type littermates. These results indicate that histamine plays important roles in spontaneous NP, and may be a potential target for the treatment of this disorder.
As shown in Fig.1 , after total denervation of one hindpaw, rats showed autotomy to different extents as reported previously [18, 19] . In order to evaluate the effect of histamine, Moreover, central application of histamine (50 μg) also resulted in a strong inhibition of autotomy (Fig. 2) . These results indicate that a sufficient increase in histamine levels suppresses spontaneous NP. The analgesic effect of histamine was additionally supported by the contrast in autotomy behavior between HDC +/+ and HDC -/-C57BL/6J mice.
C57BL/6J is a strain known to show low levels of autotomy.
As expected, the average autotomy score in the wild-type was no higher than 1. However, HDC -/-mice, which are born with a deficiency of endogenous histamine, showed much higher autotomy scores than the wild-type (Fig. 3) .
These results together demonstrated that the presence of certain levels of histamine attenuates spontaneous NP.
To further explore the possible action mechanisms of histamine in spontaneous NP, we treated rats with loratadine in order to determine whether H 1 receptors are involved. When administered together with histidine, loratadine not only did not antagonize the analgesic effect of histidine, but even showed a tendency to inhibit autotomy more than histidine alone. Surprisingly, loratadine alone also resulted in a strong inhibition of autotomy (Fig. 4 ).
Since loratadine is an H 1 receptor antagonist that poorly permeates the blood-brain barrier, which precludes central action [21] , these results suggest that, similar to its effect on acute pain [4, 5] and evoked NP [7] , histamine in the periphery via the H 1 receptor pathway may contribute to the development of spontaneous NP. In addition, the electrophysiological recordings showed that another H 1 receptor antagonist, diphenhydramine, was able to block spontaneous discharges from the neuroma that are crucial for autotomy behavior [13, 22] . It has been reported that some fibers ending in the neuroma are histamine-sensitive [23] . Therefore, H 1 receptor antagonists may have analgesic effects by antagonizing endogenous histamine and blocking the ectopic discharges from the neuroma.
It has been demonstrated that histamine injected into the skin elicits itching in a dose-dependent manner, and most experimental itch stimuli act via histamine release from mast cells [24] [25] [26] . Interestingly, histamine-induced itching shows species-specificity. For example, histamine evokes scratching in most mouse strains but little in SpragueDawley rats [27, 28] . It is well accepted that a specific sub-class of C-fibers mediates itch and is distinct from that mediating pain [29] . However, Baron et al. proposed that partial nerve injury following zoster infection might induce de novo expression of histamine receptors on primary nociceptive neurons or central sensitization to histaminergic stimuli, and more than that, histamine-sensitive C-fibers that are normally exclusively involved in itch transduction may gain synaptic access to pain-signaling second-order neurons in the spinal dorsal horn in the state of NP [11] . As a result, peripheral histamine-induced itch would convert into pain under neuropathic conditions. This provides further support for the present finding that histamine in the periphery is algesic after peripheral axotomy. Given that histamine in the periphery is algesic, it is very likely that the inhibitory effect of chronic histidine treatment on autotomy was largely due to its action in the CNS. It is acknowledged that histidine (500 or 1 000 mg/kg) increases the cerebral levels of histamine [30] . Therefore, we speculate that histamine in the CNS is responsible for the analgesic effect on spontaneous NP. The strong inhibition of autotomy by centrallyinfused histamine clearly verified this speculation. Huang et al. reported that acute application of histamine elevates or decreases the threshold for evoked pain depending on the dose [8] . Some H 3 receptor antagonists, which increase the synthesis and release of histamine in the CNS, have been demonstrated to inhibit allodynia or hyperalgesia in animal models of evoked NP, but others do not [9, 10] . Our results provide further evidence that histamine in the CNS may act as an analgesic factor in spontaneous NP, similar to that in acute pain [6, 31] and evoked NP. Taken together, our results demonstrate that histamine in the periphery is algesic, whereas in the CNS it is analgesic for spontaneous NP. These data suggest that concurrent treatment with peripherally-acting H 1 receptor antagonists and histidine should be more effective than either alone. Actually, we did find that the combination of histidine and loratadine appeared to be the most effective regimen in suppressing autotomy. Moreover, histamine in the diet may be absorbed into the circulation and thereby increase the levels in the periphery [32] . On the contrary, H 3 receptor antagonists/H 3 inverse agonists improve histaminergic action in the CNS [33] . We were interested to find that the inhibition of autotomy yielded by histidine, histamine or loratadine outlasted the drug-treatment period. Such a long-lasting inhibitory effect on autotomy was also reported by us and others with other drugs such as amitriptyline and ralfinamide [19, 34] .
Although the exact mechanisms for the long-lasting effect are not clear, these results at least suggest that the early stage after nerve injury is crucial for the development of NP. Since autotomy behavior is driven by the combination of peripheral ectopic inputs and central sensitization, these results indicate that early intervention may suppress the generation of either process, and thereby attenuate the subsequent pain abnormality. Therefore, intervention approaches should be applied opportunely after nerve injury.
In conclusion, we found that histamine in the CNS is analgesic, while that in the periphery via H 1 receptors is al- 
